Systematic Monte Carlo simulation studies have been carried out to search for a possible optimal experimental condition on the irradiation damage profile production with a given mask structure. The results suggest that minimum ion scattering broadening tails could be achieved with projectile ranges in Nb mask about half of the mask thickness. Provided the projectile range to mask thickness is maintained, similar irradiation damage profiles could be created by different ions, including ions as heavy as Cu þ .
Introduction
Controlled formation of a small (up to 100 nm wide) nonsuperconducting barrier layer in between two superconducting electrodes is the central part of the YBa 2 Cu 3 O 7Àd (YBCO) Josephson junction fabrication process. High quality YBCO Josephson junctions can be made using focused electron beam irradiation damage technique with beam energy up to a few hundred keV, though the throughput is intrinsically low [1] .
A combination of broad ion beam irradiation damage and high resolution mask structure renders opportunity for the mass production of YBCO Josephson junction at low cost and high yield. Experimental results reported so far include O þ , Ne þ and H þ ion irradiation with various masks [2] [3] [4] . The preliminary experimental results are promising, but the device performances are not satisfactory in general, and differ from one group to another. The obvious reason for the poor performance is related to the poor definition of irradiation damage created barrier layers by different ion irradiation processes. Now a critical question appears: can junctions fabricated with different ions have the same damage profiles?
Direct observation of damage barrier layer is difficult, though it could be inferred from the performance of the device fabricated under different experimental conditions. An optimised fabrication condition is important for the successful manufacture of high quality devices. Considering the large amount of physical parameters relevant to the damage process, it is clear that the experimental optimisation process is definitely a time consuming and tedious one. Fortunately this optimisation process can be greatly simplified by using Monte Carlo simulation studies. With a simple standard high resolution and high aspect ratio mask structure, here we report our recent Monte Carlo simulation results on the irradiation damage build-up with a series of ion beam species, for a brief quantitative estimation on the optimal experimental conditions for the Josephson junction fabrications using masked ion beam irradiation damage technique.
Simulation code and simulation model
The simulation code CRYSTAL was initially written to model the damage accumulation and channelling implantation in crystal silicon using the binary collision approximation [5] . It was adapted to include the orthorhombic crystal structure of YBCO, and had been employed successfully to study the sidewall scattering effect in high aspect ratio masked system [6] and beam condition dependent damage profile formations [7] .
The two-dimensional simulation structure model is composed of a 400 nm Nb mask with a fixed 50 nm opening, a 50 nm YBCO single crystalline target layer and a thick amorphous LaAlO 3 substrate. The normal of the YBCO surface is (0 0 1) direction, and the mask opening wall is parallel to the bc plane of YBCO crystal. The projection plane is chosen as the ac plane of YBCO crystal and the implantation plane is defined by the ion beam direction and the normal of YBCO. The ion beam has been tilted by 15°in accordance with the experimental condition, and the beam is aligned with the opening slot wall. No beam divergence is assumed in general.
Simulation results and discussions
It was anticipated before that a high energy beam has an advantage for Josephson junction fabrications for a restricted lateral spreading of ion beam scattering and uniform damage accumulation. This implies that the expected projectile range of energetic ions in an YBCO target should be greater than the thickness of an YBCO thin film by a reasonable factor, say 2. The minimum ion energies required for a uniform irradiation damage in 50 nm YBCO thin films were derived from this criterion using SUSPRE code [8] . On the other hand, the maximum ion energy appropriate for masked ion beam irradiation process is limited by the effective stopping power of the 400 nm Nb mask materials. For proton beam irradiation damage, ion energies in between 22 and 74 keV should be able to meet the above general requirements. Similar energy windows can also be found out easily using SUSPRE code for other commonly available ions, as listed in Table 1 below.
Our previous simulation and experimental results revealed a substantial broadening of damage profiles compared to mask structures with 50 keV proton beam irradiation process due to the enhanced mask sidewall scattering process [6] . This unwanted process is intrinsic for the small structures considered here, and can be reduced by using a thicker mask or a lower ion energy. To estimate the effect of sidewall scattering broadening on ion species, beam energies and mask structures quantitatively, here we introduce a ratio of mask thickness to projectile range in the mask, r, as a measure of the effective stopping power of mask structure to different energetic ions. The increase of mask stopping power by either reducing the projectile range in the mask or increasing the A similar saturation of the broadening effect due to sidewall scattering has also been observed in the O þ irradiation process. However, a smaller value of r is needed for the same effect, indicating an interesting mass dependence in the ion irradiation process. This is because less sidewall scattering effect is expected from heavy ion irradiation. This can be demonstrated clearly by the simulation results of a series of masked irradiation damage profiles using different ions with the same r value (r ¼ 2). The scaled damage level distribution in the middle of the YBCO target is shown in Fig. 2 . The similarity of damage profiles suggests that all ions have equivalent effects, independent of ion species, with He þ irradiation as an exceptional case.
In our simulations only primary energy depositions are recorded, any further ion scattering cascades are ignored so far. It is possible that defect structure formed by heavy ion irradiation may be different from those formed with light ion irradiation, though the projectile ranges are similar. Furthermore, the application of heavy ion irradiation with a comparable r factor means that the ion energy may go up to the MeV range, where the irradiation damage would create both point and extended defects. The production of extended defects is not useful for the barrier layer formation concerned here, since the superconductivity transition temperature is not very sensitive to the formation of extended defects [9] . Therefore, the best candidate ions for masked ion irradiation damage are the ions that encourage the creation of point defects, such as proton, O þ and Ne þ in the keV range. In addition to the production of lattice defects by irradiation damage process, reactive ion implant, say Fe implant in YBCO, also has a dramatic effect in suppressing superconductivity, where the energy of ion beam is even lower than the minimum energy listed in the Table 1 [10] . However, low energy heavy ion irradiation may be useful in avoiding the formation of extended defects, but the reactivity between dopant and host ions, oxygen in particular, may damage the definition of well controlled damaged barrier layers, due to the long diffusion distances that are possible. If the diffusion of transition metal ions could be controlled properly, this may provide a new approach for the masked ion damage process.
Conclusions
The Monte Carlo simulation results described above show that similar irradiation damage profiles can be created by using different ions, provided the beam energies are optimised with the given mask structures. In addition to this, the simulation results also reveal that the irradiation damage broadening effect could be reduced substantially by using the right ion energy so that its range in Nb is about half of the Nb mask thickness.
